Recoverable creep compliance J R (t) was analytically calculated for polymer chains relaxing through the Rouse and reptation mechanisms at short and long time scales, respectively. The ratio of the longest relaxation times of these mechanisms, r τ = τ Rouse /τ rep , was varied from 0.056 to 0.0033. The calculation indicated that the effect of the fast Rouse mechanism on the distribution of slow modes of J R (t) decreases with decreasing r τ but a considerable effect remains even for r τ as small as 0.0033, i.e., even for the case of reptation-dominance in the terminal relaxation behavior. This result demonstrates an important difference between the creep and relaxation processes, the former being associated with a correlation (or interplay) of eigenmodes of chain motion due to the constant stress requirement.
INTRODUCTION
The Rouse model is a basic model for non-entangled polymers and its linear viscoelastic relaxation behavior has been fully elucidated. [1] [2] [3] [4] [5] Nevertheless, the conformational changes of the Rouse chain during the creep process (retardation process)
were not analyzed so far, and no report was made for an analytic expression of its recoverable creep compliance J R (t). Thus, the analysis of the Rouse model was still incomplete.
For completeness, we recently made molecular/ conformational analysis for the continuous Rouse chain (obeying the equation of motion written in a differential form [3] [4] [5] ) to calculate its orientational anisotropy during the creep process under a constant shear stress. 6) The analysis revealed that the Rouse eigenmodes of various orders exhibit a correlation (or interplay) among themselves in order to maintain the constant stress and this interplay results in a characteristic distribution of the anisotropy along the chain backbone during the transient creep process. The interplay of the eigenmodes, being absent in the stress relaxation process after imposition of a step strain, is the most prominent feature in the creep process.
The functional form of J R (t) is determined by this interplay.
For the continuous Rouse chain, the analytic expression of J R (t) obtained from our molecular analysis is summarized as 6) Here, k B and T are the Boltzmann constant and absolute temperature, respectively, and ν and τ Rouse are the number density and the longest Rouse relaxation time of the chain. The numerical coefficient θ p included in the p-th retardation time λ p is determined from (The coefficients satisfy summation rules, 6) Σ p≥1 θ p ) has a similar functional form, where G N and τ rep are the entanglement plateau modulus and the reptation time, respectively, and θ p is determined from (1)
As noted from this difference of the relaxation mode distribution and the above coincidence of the retardation mode distribution, the chain dynamics is differently reflected in the relaxation and creep (retardation) properties. Now, we focus on the actual relaxation of linear entangled chains. This relaxation is often considered to proceed via the fast Rouse mechanism and slow reptation mechanism. Although quantitative description of the actual relaxation behavior requires us to modify the reptation mechanism by allowing additional relaxation routes (such as the constraint release), [3] [4] [5] the combination of the Rouse and reptation mechanisms serves as a basic molecular picture for the entangled chains.
Since the relaxation and creep properties differently reflect the chain dynamics (cf. Eqs. (1)- (5)), this combination is expected to have different effects on these properties.
To examine this expectation, we calculated J R (t) for the simplest case of the combined Rouse-reptation mechanism and compared this J R (t) with the corresponding G(t). The comparison revealed that the fast Rouse mechanism has a more pronounced effect for the long time creep than for the long time relaxation. Details of this result are explained below.
THEORETICAL

Model
We consider a relaxation modulus G(t) given as a sum of contributions from the fast Rouse and slow reptation processes,
Here, 2B is a parameter representing the relaxation intensity for the Rouse process. Considering an importance of the contour length fluctuation (CLF) for actual chains composed of a finite number (N) of entangled segments, [3] [4] [5] we assume the Rouse process to occur along the whole backbone of the chain (not only within the entanglement segment). For this case, the Rouse relaxation time τ Rouse is proportional to N 2 and its ratio to the (pure) reptation time τ rep is given by [3] [4] [5] Strictly speaking, the reptation time and reptation mode distribution change with the CLF process. 3, 5) However, qualitatively, these changes do not affect the changes in the relaxation and creep properties due to the combination of the Rouse and reptation mechanisms. Thus, we neglect the changes in the reptation time/mode distribution to utilize Eqs. (6) and (7) in our simple model calculation.
The Rouse intensity parameter 2B is of the order of νk B T (cf.
Eq.(4)). As judged from the expression of the plateau modulus, [1] [2] [3] [4] [5] 
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The coefficient α p appearing in Eq.(12) is determined from with r τ being the relaxation time ratio specified by Eq. ( 
DISCUSSION
For the combined Rouse-reptation mechanism, Fig.1 8)).
In the ranges of t examined in Figs.1 and 2 , the Rouse feature
) is observed for small N (≤ 5). With increasing N, the Rouse feature becomes less prominent at those t, and both of J R (t) and G(t) approach the normalized recoverable compliance and relaxation modulus for the pure reptation mechanism (Eqs. (3) and (5) 
curves. However, this approach is slower for J R (t) than for G(t):
For example, compare the separations between the solid curve and triangles (for N = 20) in Figs.1 and 2 . In other words, the pure reptation limit is less easily attained for the creep behavior than for the relaxation behavior. This slow approach can be also noted for the retardation time spans shown in Table I : Even for the case of N = 50 (in the well entangled regime), the reptation limit has not been attained for the spans at p ≥ 8.
In In addition to the creation of these satellite modes for J R (t), the combination of the Rouse and reptation mechanisms for small N also affects the α p values in the ranges between pπ and (p+1/2)π to moderately change the λ p values for non-satellite modes; compare unfilled circles and squares in Fig.3 . In contrast, the combination (formulated in the form of Eq. (6)) gives neither the satellite modes nor changes in the τ p values for the relaxation modulus G(t). This difference leads to the slower approach to the reptation limit seen for J R (t).
Finally, we should emphasize that the above effects of the combination of the Rouse and reptation mechanisms on J R (t)
can be naturally related to the constant stress requirement in the creep process. For the pure Rouse mechanism (Eq. (1)), the eigenmodes of the chain motion exhibit a correlation (interplay) among themselves to satisfy this requirement. 
CONCLUDING REMARKS
For the combined Rouse-reptation mechanism, we have analytically calculated the recoverable creep compliance J R (t).
This combination more strongly affects the retardation mode distribution compared to the relaxation mode distribution, and the reptation limit is less easily attained for J R (t) than for the relaxation modulus G(t). This difference reflects the interplay of the eigenmodes of chain motion under the constant stress requirement in the creep process.
